Dengue viruses (DEN), mosquito-borne members of the family Flaviviridae, are human pathogens of global significance. The effects of mycophenolic acid (MPA) and ribavirin (RBV) on DEN replication in monkey kidney (LLC-MK2) cells were examined. MPA (IC 50 =0?4±0?3 mM) and RBV (IC 50 =50?9±18 mM) inhibited DEN2 replication. Quantitative real-time RT-PCR of viral RNA and plaque assays of virions from DEN2-infected and MPA (10 mM)-and RBV (¢200 mM)-treated cells showed a fivefold increase in defective viral RNA production by cells treated with each drug. Moreover, a dramatic reduction of intracellular viral replicase activity was seen by in vitro replicase assays. Guanosine reversed the inhibition of these compounds, suggesting that one mode of antiviral action of MPA and RBV is by inhibition of inosine monophosphate dehydrogenase and thereby depletion of the intracellular GTP pool. In addition, RBV may act by competing with guanine-nucleotide precursors in viral RNA translation, replication and 59 capping.
Dengue viruses (DEN1-4), mosquito-borne members of the family Flaviviridae, are human pathogens of global significance. Of the 1 million annual cases of dengue haemorrhagic fever/dengue shock syndrome, about 2-5 % are fatal. Currently, there is no vaccine or antiviral drug to treat DEN infections (Barrett, 2001; Gubler, 1998; Halstead & Deen, 2002) . DEN2 New Guinea C strain, used in this study, has a single-stranded RNA genome (10 723 nt) of positive polarity (Irie et al., 1989) . The aim of this study was to examine the antiviral action of mycophenolic acid (MPA) and ribavirin (RBV) on DEN2-infected LLC-MK2 cells by determining the number of infectious particles, levels of virion-associated RNAs and intracellular viral replicase activity by plaque assays, quantitative real-time RT-PCR (qRT-PCR) and in vitro replicase assays, respectively. MPA, a non-nucleoside analogue, is a potent, non-competitive inhibitor of inosine monophosphate dehydrogenase (IMPDH), a key enzyme required for biosynthesis of guanine nucleotides (reviewed by Allison & Eugui, 2000) . GTP is required for translation, transcription and replication processes. Therefore, inhibition of IMPDH is expected to inhibit not only proliferation of eukaryotic cells, but also replication of DNA and RNA viruses (Markland et al., 2000) . However, RBV, a nucleoside analogue, is a competitive inhibitor of IMPDH.
It is approved as an inhaled drug for treatment of respiratory syncytial virus infection, as well as orally, together with alpha interferon, for treatment of hepatitis C virus (HCV) infections.
DEN2 was propagated in mosquito (C6/36) cells as described previously (Charnsilpa et al., 2005) . LLC-MK2 cells were infected with DEN2 under single-step growth conditions (Dulbecco & Vogt, 1954) at an m.o.i. of 10 and incubated for 72 h with 1 % fetal bovine serum. The plaque assay was performed essentially as described previously (Charnsilpa et al., 2005) .
To quantify the virus-associated RNA, qRT-PCR was used as described previously (Houng et al., 2000) . The detection of PCR product was correlated with input cDNA copy number at various concentrations of antiviral compounds and the results were plotted. DEN2 copy-number standards (ten serial 1 : 3 dilutions of virus stock at 4?20610 6 p.f.u. ml 21 ) were from Walter Reed Army Institute of Research (Washington, DC, USA). Fig. 1 shows the effect of MPA (Fig. 1a) and RBV (Fig. 1b) at various concentrations on the infectivity of DEN2 and viral RNA copy numbers. The results indicated that, at 5 mM MPA, there was a reduction to 91±7?5 % of the untreatedcontrol viral titre, whereas RBV (clinical grade) was required at 150 mM for a comparable reduction. The IC 50 values of MPA or RBV, calculated from three independent experiments similar to those shown in Fig. 1 , were about 0?4±0?3 and 50?9±18 mM, respectively, based on the median-effect plot (Chou & Talaly, 1977; Chou et al., 1994) .
A previous study reported EC 50 values of 0?3±0?2 and 155?6±45 mM for MPA and RBV, respectively, for inhibition of DEN replication in Vero cells (Leyssen et al., 2001) . Although these values for MPA in LLC-MK2 and Vero cells are very similar, there is about a threefold difference in the potency of RBV (50?9±18 versus 155?6±45 mM) . This variance might be related to the differences in the batches of RBV used or due to intrinsic differences in the drug sensitivities of the two cell lines. The IC 50 values of MPA for inhibition of DEN2 infectivity in four human hepatoma cell lines (Hep3B, HepG2, CRL-8024 and Huh-7) were 0?3, 3, 1?2 and 1?9 mM and those of RBV were 20, 60, 100 and 40 mM, respectively (Diamond et al., 2002) . Thus, the antiviral potencies of MPA and RBV varied, depending on the cell type used and growth properties (human versus primate or normal versus transformed). This conclusion is supported by recent studies. DEN replicated better in cycling cells than in density-arrested mosquito (C6/36) cells and this difference was not seen in human hepatoma cells (Helt & Harris, 2005) . Moreover, West Nile virus replication was abrogated after four passages in HeLa cells in the presence of RBV, whereas high titres persisted even after many passages in other cell lines, such as Vero or CV1. Differences in phosphorylation of RBV between different cell types may also account for differences in its antiviral activity (Smee et al., 2001) . RBV is converted to the mono(RMP)-, di(RDP)-and tri(RTP)-phosphorylated forms within eukaryotic cells. For example, a 13-fold more efficient phosphorylation of RBV in the mouse 3T3 cell line in contrast to Vero cells may account for differences in the efficacy of RBV against West Nile virus infection of Vero cells (Morrey et al., 2002) or BHK-21 cells (Lo et al., 2003) . In the latter study, a West Nile virus replicon RNA expressing the Renilla luciferase reporter was used and the EC 50 values of MPA and RBV were 5?4 and 140 mM, respectively. Moreover, our study showed that the infectivity of the virus released into the medium was more sensitive to MPA or RBV inhibition than the viral RNA copy numbers, as shown by the ratio of vRNA : p.f.u. for each concentration of MPA and RBV. The data indicated that, at MPA concentrations of 1-5 mM, the ratios of vRNA : p.f.u. were around 2000, whereas at higher concentrations of MPA (10-100 mM), the ratio increased to approximately 11 000 and, in the untreated control, the ratio remained at approximately 1115 (Fig. 1a) . The results shown in Fig. 1(b) indicated that the virus titre and the vRNA copy number in the culture supernatants decreased with increasing RBV concentrations. The vRNA : p.f.u. ratio remained without significant change up to 100 mM RBV, but, at 200 and 300 mM, it followed a trend similar to that of MPA. These results showed that MPA at 10 mM and RBV at ¢200 mM affected the infectivity of virions released into the culture medium significantly.
The effects of MPA and RBV on cell viability were analysed by using a TOX-1 kit (Sigma). This assay is based on the activity of mitochondrial dehydrogenases of living cells, which convert a chromogenic substrate [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; MTT] into purple formazan. It was quantified by measuring A 570 using a spectrophotometer according to the manufacturer's protocol. Cells were viable in the presence of MPA and RBV up to 100 and 300 mM, respectively, at 90-100 % of untreatedcontrol cells (data not shown). MPA and RBV as RMP are inhibitors of IMPDH in vitro (Streeter et al., 1973) and in vivo (Muller et al., 1977) . Hence, one possible mode of inhibition of virus replication by MPA and RBV is by depletion of the intracellular pool of guanosine nucleotides, thereby inhibiting viral RNA synthesis. In addition, RBV as RTP may inhibit by competing with GTP required for translation, replication and 59 capping of viral RNA. To test this possibility, different amounts of guanosine were added to the culture medium containing a fixed concentration of MPA (50 mM), a concentration at which the viral titre was reduced significantly by at least two orders of magnitude (Fig. 1) . However, additions of 250 or 500 mM or 1?0 mM guanosine (five-, 10-and 20-fold excess over MPA, respectively) restored infectivity nearly to the untreated-control levels (Fig. 2a) . Similar reversal of RBV inhibition was also seen by guanosine (Fig. 2b) . These results suggest that one mechanism of antiviral activity of MPA and RBV is through inhibition of IMPDH, thereby depleting the intracellular guaninenucleotide pool and causing misincorporation of nucleotides by the error-prone RNA-dependent RNA polymerase (RdRP) to produce defective genomes. This mechanism of action was also suggested in an earlier study (Diamond et al., 2002) . In addition, RBV may also act in part by competition with GTP. The finding that inhibitory effects of MPA and RBV are reversible by exogenous addition of guanosine supports this conclusion.
NS5 is the RdRP of mosquito-borne flaviviruses and its activity in RNA synthesis was demonstrated as a component of crude, membrane-bound viral replicase complexes from flavivirus-infected cells (Chu & Westaway, 1987; Grun & Brinton, 1986; Uchil & Satchidanandam, 2003; You & Padmanabhan, 1999) or as a purified protein (Ackermann & Padmanabhan, 2001; Guyatt et al., 2001; Tan et al., 1996) . The N-terminal domain of NS5 has a 29-O-methyltransferase activity (Egloff et al., 2002) and RTP inhibits this activity (Benarroch et al., 2004 ). An in vitro viral replicase assay based on endogenous membrane-bound viral RNA, associated with viral replicase, is pivotal to our current understanding of flavivirus replication (Chu & Westaway, 1985; Uchil & Satchidanandam, 2003 ; reviewed by Westaway et al., 2002) . Three intracellular species of RNA are produced during flavivirus replication in mammalian cells that are separable by electrophoresis on a partially denaturing polyacrylamide/7 M urea gel: a 44S genome length single-stranded viral RNA (vRNA), 20S doublestranded replicative form (RF) and the 20-28S partially nuclease-resistant replicative intermediate (RI) (Chu & Westaway, 1985) . According to the current model, viral RNA is converted first to RF; RF serves as a recycling template for semiconservative and essentially asymmetric replication to produce one progeny single strand per cycle (Westaway et al., 2003) .
Next, we examined whether MPA and RBV affect the activity of the viral replicase to produce the three intracellular RNA species in vitro. Membrane-associated viral replicase complexes (20 mg total protein) were prepared from DEN2-infected LLC-MK2 cells treated with MPA or RBV at various concentrations for 48 h. In vitro RNA synthesis was initiated by addition of the four NTPs containing a-32 P-labelled GTP and the ATP-regenerating system. After incubation, the labelled RNA species were analysed by partially denaturing PAGE. As shown in Fig. 3(a) , RNA synthesis in DEN2-infected and MPA-treated cells was reduced at concentrations of MPA as low as 0?1 mM (lane 2) compared with the untreated control (lane 1) and further reduced significantly by MPA at 1 and 2 mM (Fig. 3a, lanes 3 and 4) . Similarly, treatment with RBV at 50, 100 and 200 mM reduced the replicative RNA species significantly (Fig. 3b, lanes 2-4) . These results suggest that the levels and/or the assembly of a functional viral replicase on the membranes were affected severely by treatment with MPA or RBV at their ) were determined as described in the text. Data from three and two independent experiments in (a) and (b), respectively, were plotted.
corresponding IC 50 concentrations. Moreover, MPA at 10 mM or RTP up to 1 mM did not inhibit RNA synthesis to a detectable extent when added directly to the in vitro viral replicase assays. However, 100-fold less MPA and tenfold less RBV than the nucleoside had a dramatic effect of inhibiting virus replication in the infected cell cultures (Fig. 3b) , indicating that the inhibitory effect of MPA and RBV on viral RNA synthesis was indirect (data not shown). Thus, the results of the in vitro assays using endogenous viral replicase (Chu & Westaway, 1987) from the antiviral compoundtreated cells confirm the inhibitory effects of MPA and RBV, as seen by infectivity assays and RNA copy number estimation by qRT-PCR.
If MPA reduces the intracellular pool of GTP and thereby inhibits viral RNA synthesis and the release of infectious virions, it would eventually be expected to reduce the number of viral RNA templates available for translation followed by polyprotein processing, the assembly of the replicase complex and the levels of NS5. To test this possibility, lysates from DEN2-infected cells, either untreated or treated with MPA at 0?1, 1 and 2 mM concentrations, were analysed by Western blotting with polyclonal rabbit anti-NS5 antibodies (1 : 100; M. Ackermann & R. Padmanabhan, unpublished data) and horseradish peroxidase-labelled goat anti-rabbit antibody (1 : 2000). NS5 was detected by chemiluminescence (ECL system; Amersham Biosciences). The results shown in Fig. 3(c) indicate that the level of intracellular NS5 was reduced significantly upon treatment with MPA at 0?1 and 1 mM and was barely detectable at 2 mM.
For a drug to be of therapeutic value, the dosage of the drug should be adjusted so that it has maximum inhibitory effect with lowest cytotoxicity to the host. The immunosuppressive drug mycophenolate mofetil is given as part of a drug regimen to organ-transplant recipients; concentrations of 1?5-3?0 mg ml 21 (approx. 3?5-6?5 mM) are attained easily in human plasma upon oral dosing (Bullingham et al., 1996) .
Our results that a fivefold increase in the ratio of vRNA : p.f.u. occurs at MPA ¢10 mM or RBV ¢200 mM could be explained by generation of defective quasispecies of viral RNA when the GMP pool is progressively depleted and/or outcompeted by phosphorylated forms of RBV during replication of viral RNA by the error-prone RdRP. In fact, treatment of cells with RBV caused a twofold reduction in intracellular GTP levels (Muller et al., 1977) . This conclusion is also consistent with our results that antiviral activity of MPA and RBV was reversed by the addition of excess guanosine. A recent study also concluded that the inhibition of IMPDH by RBV is the major mechanism for its antiviral activity (Leyssen et al., 2005) .
Evidence from other studies also indicated that the antiviral activity of RBV could be explained by an alternative mechanism. Poliovirus and HCV RdRPs could utilize the RTP precursor and incorporate RMP into RNA complementary to either cytidine or uridine in a template-directed primer-extension assay. These results suggested that RMP incorporation into viral RNA would be expected to produce mutant genomes during replication (Crotty et al., 2000 (Crotty et al., , 2001 Maag et al., 2001 ; reviewed by Graci & Cameron, 2002) . In another study using a short, synthetic RNA template (LE19), HCV NS5B polymerase, UTP, CTP and RTP, RMP was incorporated, albeit inefficiently, into a primerextension product. Moreover, accumulation of transition mutations was revealed by sequencing the West Nile virus RNA synthesized in the presence of RBV, suggesting that RBV induced error-prone replication (Day et al., 2005) . Fig. 3 . In vitro viral replicase assays and intracellular levels of NS5. LLC-MK2 cells were infected with DEN2 and treated with MPA (a) or RBV (b) at indicated concentrations. After 48 h incubation, cell lysates were prepared and aliquots of total protein (20 mg) were used for in vitro viral replicase assays. The products were analysed by polyacrylamide (3 %)/7 M urea gels and autoradiography. The autoradiograph is representative of two independent experiments. (c) MPA-treated cell lysates were subjected to Western blotting using rabbit polyclonal anti-NS5 antibodies.
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